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What we know about neutrinos

The best fit of neutrino mass and mixing parameters:

Quantity Value

∆m2
21(eV

2) (7.59± 0.21)× 10−5

(2.53+0.13
−0.08)× 10−3 (NH)

∆m2
31(eV

2) −(2.4+0.1
−0.07)× 10−3 (IH)

sin2 θ12 0.320+0.015
−0.017

0.49+0.08
−0.05

sin2 θ23 0.53+0.08
−0.07

0.026+0.003
−0.004

sin2 θ13 0.027+0.003
−0.004

Forero, Tórtola, Valle (2012)

The origin of neutrino mass, type of hierarchy, the CP-violating parameter,
and whether neutrinos are Dirac or Majorana are still unknown.



The origin of neutrino mass (seesaw mechanism)

Adding right-handed neutrino Nc which
transforms as singlet under SU(2)L,

L = fν (L · H)Nc + 1
2
MRN

c
N

c

Integrating out the Nc , ∆L = 2 operator is
induced:

Leff = −
f 2ν
2

(L · H) (L · H)

MR

Once H acquires VEV, neutrino mass is
induced:

mν ≃ f
2
ν

v2

MR

For fνv ≃ 100 GeV, MR ≃ 1014 GeV.

L

H H

L

N Nc c

Minkowski (1977)
Yanagida (1979)
Gell-Mann, Ramond, Slansky (1980)
Mohapatra & Senjanovic (1980)



Lepton flavor violation

Neutrino mass and mixing can generate rare
muon decay.

The induced branching ratio is extremely
small, i.e. BR(µ → eγ) ∼ 10−50.

The current limit:
BR(µ → eγ) < 2.4× 10−12.

Rare muon decay could probe new physics at
TeV scale.

µ νµ νe e

γ

W−W−

να

M ∼
m2

ν

M2
W

Cheng & Li (1977)
Petcov (1977)
Marciano & Sanda (1977)
Shrock & Lee (1977)



Radiative neutrino mass generation

One alternative is radiative neutrino mass generation, in which
neutrino mass is absent at tree level but arises at loop level.

The smallness of neutrino mass is caused by loop and chiral
suppressions.

The new physics scale could be at TeV.

Some LFV processes may be observable.



∆L = 2 operators

O1 = L
i
L
j
H

k
H

lǫikǫjl
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j
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k
e
c
H

l ǫijǫkl

O3 = L
i
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j
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k
d
c
H
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L
j
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k
d
c
H

l ǫikǫjl}

O4 = {Li
L
j
Q̄i ūcH

kǫjk , L
i
L
j
Q̄k ūcH

kǫij}

O5 = L
i
L
j
Q

k
d
c
H

l
H

m
H̄i ǫjl ǫkm

O6 = L
i
L
j
Q̄k ūcH

l
H

k
H̄i ǫjl

O7 = L
i
Q

j
ēcQ̄kH

k
H

l
H

mǫilǫjm

O8 = L
i
ēc ūcd

c
H

jǫij

O9 = L
i
L
j
L
k
e
c
L
l
e
c ǫijǫkl

Babu & Leung (2001)

de Gouvea & Jenkins (2008)



Operator O2

Introducing a singly charged scalar and extra scalar doublet,

L = fijL
a
i L

b
j h

+ǫab + µHaΦb
h
−ǫab + h.c.

Zee (1980)

Neutrino mass arises at one-loop.

h

c

+ −H

e e

The minimal version of this model in which only one Higgs doublet
couples to fermions yields

mν =





0 meµ meτ

meµ 0 mµτ

meτ mµτ 0



 , mij ≃
fij

16π2

(m2
i −m2

j )

Λ

It requires θ12 ≃ π/4 → ruled out by neutrino data.

Koide (2001)
Frampton et al. (2002)
He (2004)



Operator O9

Introducing singly charged and doubly charged scalars to break lepton
number

L = fijL
a
i L

b
j h

+ǫab + gije
c
i e

c
j k

−− + µh+
h
+
k
−− + h.c.

Zee (1985); Babu (1988)

h k h

c c

+ +
−   −

e eee

(mν)largest ≃
f 2g

(16π2)2
m2

τ

Λ

One of the neutrinos is (nearly) massless.

Λ ∼ 1 TeV for f ∼ g ∼ 0.1.

Fit the current data.

Babu & Macesanu (2002); M. Nebot et al. (2008)



Operator O8

Operator O8 = LiHjd
c ūc ēcǫij induces neutrino mass at two–loop:

W

u

d

e e

d

uc

c

c

LL

L L

LL

<H>

mν ∼
mτmbmtv

(16π2)2Λ3

The new scale is at TeV.

Leptoquarks are needed.



Model
Introducing new interactions under SU(3)c × SU(2)L × U(1)Y gauge
group:

L = YijL
α
i d

c
j Ω

βǫαβ + Fije
c
i u

c
i χ

−1/3 + µΩ†
Hχ−1/3 + h.c.

Ω ≡

(
ω2/3

ω−1/3

)

(3, 2, 1/6); χ−1/3 ∼ (3, 1,−1/3)

The simultaneous presence of these three terms will break lepton number.

νL

dc

ec

uc

ω−1/3 χ1/3

〈

H0
〉

The µ parameter will cause mixing between χ−1/3 and ω−1/3,
(

m2
ω µv

µv m2
χ

)

⇒ sin 2θ =
2µv

M2
2 −M2

1

M2
1,2 = 1

2

[
m2

ω +m2
χ ∓

√
(m2

ω −m2
χ)2 + 4µ2v2

]



Neutrino mass model

νL νLdc dL ucuL eLec dc dLνL uc ec νL νLνL dc ucuL ec

X−1/3
a X−1/3

aX−1/3
a

W H−H−

(Mν)ij = m̂0Yik(Dd )k(V
T )kl (Du)l (F

†)lj (Dℓ)j Ijkl + transpose,

m̂0 =

(

3g2 sin 2θ

(16π2)2

)(

mtmbmτ

M2
1

)

Du = diag.

[

mu

mt

,
mc

mt

, 1

]

, Dd = diag.

[

md

mb

,
ms

mb

, 1

]

, Dℓ = diag.

[

me

mτ
,
mµ

mτ
, 1

]



Neutrino mass model

Ijkl =
2
∑

a=1

(−1)a
M2

1

M2
a −m2

dk

∫ 1

0
dx

∫ ∞

0
dt t

(

1 +
t

4m2
W

)

1

t +M2
W

1

t +m2
ej

× ln

[

x(1− x)t + xm2
ul
+ (1 − x)M2

a

x(1− x)t + xm2
ul
+ (1− x)m2

dk

]
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Neutrino mass matrix

Mν ≃ m0







0 1
2

mµ

mτ
xy 1

2
y

1
2

mµ

mτ
xy

mµ

mτ
xz 1

2
z + 1

2

mµ

mτ
x

1
2
y 1

2
z + 1

2

mµ

mτ
x 1 + w







x ≡ F∗
23

F∗
33

, y ≡ Y13

Y33
, z ≡ Y23

Y33
; w ≡ F∗

32

F∗
33

Y32

Y33

(

mc

mt

)(

ms

mb

)

Ijk2

Ijk3

m0 = 2 m̂0F
∗
33Y33Ijk3; (Mν)11 ≃ y

F∗
13

F∗
33

me

mτ
m0

This mass matrix has normal hierarchy structure.

The (1,1) entry is highly suppressed, i.e. ≪ 0.01 eV.

w may be significant for MLQ < 800 GeV.



Predictions for w ≪ 1

For w ≪ 1,

Mν ≃ m0





0 1
2

mµ

mτ
xy 1

2
y

1
2

mµ

mτ
xy

mµ

mτ
xz 1

2
z + 1

2

mµ

mτ
x

1
2
y 1

2
z + 1

2

mµ

mτ
x 1





det Mν = 0, together with (Mν)11 ≃ 0,

m1 ≃ 0, α ≃ 0, β ≃ 2δ + π

tan2 θ13 ≃

√

∆m2
21

∆m2
31

sin2 θ12

sin2 2θ13 ≃ 0.16

which differs by 4.2σ from Daya Bay result.



Predictions for w ≫ 1
For w ≫ 1,

w ≡ F∗
32

F∗
33

Y32

Y33

(

mc

mt

)(

ms

mb

)

Ijk2

Ijk3
≫ 1 → |F33Y33| ≪ |F32Y32|

This could generate (Mν)13 ≃ (Mν)11 ≃ 0.
Glashow, Frampton, & Marfatia (2002)

Xing (2002)
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The value of θ13 is consistent with current measurements (the blue lines
correspond to 2σ allowed value from Daya Bay).



Predictions for w ≫ 1

Requiring |F32Y32| ≤ 1 implies that LQ cannot be heavier than 800 GeV.
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23
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The fit gives |Y13| ∼ |Y23|.

The smallest value of Y23 corresponding to |F23| ∼ 1 can be found from
neutrino mass fit.

→ the rate of some LFV can be predicted.



µ → eγ

µ e

γ

dk

ω2/3ω2/3

µµµ eeedkdk

γ

ω2/3

ucl

X1/3
a X1/3

a

γ

X1/3
a

uclucl

γ
︸ ︷︷ ︸

GIM−like cancellation

∣

∣

∣

∣

F (xdi )
Y1iY2i

M2
ω

∣

∣

∣

∣

2

+

∣

∣

∣

∣

∣

H(xui )
F1iF2i

M2
χ

∣

∣

∣

∣

∣

2

<
7.8× 10−20

GeV4
; xdi ≡

m2
di

M2
ω

; xui ≡
m2

ui

M2
χ

F (x) = −

x

12

(1 − x)(5 + x) + 2(2x + 1) ln x

(1 − x)4
; H(x) = −

1

12

(1 − x)(5x + 1) + 2x(2 + x) ln x

(1 − x)4

For ω2/3 mediated process, the two graphs in the limit mdk ≪ MLQ cancel
out because Qω2/3 = −2Qd .

From neutrino mass fitting, only Y13,Y23 are constrained but not F13.

→ This model cannot predict the lowest rate of µ → eγ.



µ → 3e

µ eqj

SS

e e

µ

e

e

e S

S

qkqjµ ee
S

qj

e e

µ eqjqj

S

e e

S ≡ ω2/3(χ1/3) if qj ≡ dj (u
c
j )

The wavy lines indicate γ and Z .

Since now photon is off-shell, the rate

can be predicted.
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µ− e conversion in nuclei

µ eqj

SS

q q

µ eqjqj

S

q q

µ ee
S

qj

µ

q

q

e S

S

ekqj

µ e

S
qq

q q

Consider a muon is ”trapped” inside an atom.

In standard muon decay: µ → eνµνe .

Due to inverse beta decay: µ+ N(A,Z ) → νµ + N(A,Z − 1).

This model can generate µ+ N(A,Z ) → e + N(A,Z ),



µ− e conversion in nuclei

Element BR Constraint

48
Ti < 4.3 × 10−12

∣

∣

∣

∣

∣

∣

aL
j
Y∗
1j Y2j

m2
ω

+
aR
j
F1j F

∗
2j

m2
χ

∣

∣

∣

∣

∣

∣

2

+

∣

∣

∣

∣

∣

∣

bL
j
Y∗
1j Y2j

m2
ω

+
bR
j
F1j F

∗
2j

m2
χ

∣

∣

∣

∣

∣

∣

2

<
5.2×10−16

GeV4

208
Pb < 4.6 × 10−11

∣

∣

∣

∣

∣

∣

aL
j
Y∗
1j Y2j

m2
ω

+
aR
j
F1j F

∗
2j

m2
χ

∣

∣

∣

∣

∣

∣

2

+

∣

∣

∣

∣

∣

∣

bL
j
Y∗
1j Y2j

m2
ω

+
bR
j
F1j F

∗
2j

m2
χ

∣

∣

∣

∣

∣

∣

2

< 9.7×10−14

GeV4

aLj = (2A − Z)

[

8π2δ1j
3

− (Y†Y )11
4

]

; aRj = 2Ze2h̃j ; bLj = 2Ze2g̃j

bRj = (A + Z)

[

8π2δ1j
3

− (F†F )11
4

]

+ 2Ze2F4(xuj )

+ 8
√
2GFm

2
χF5(xt)

(

3
4
A− Z sin2 θW

)

δ3j

g̃12 = 1
27
(2 − 3 ln

m2
µ

m2
ω
); h̃1,2 = 1

54
(5 − 12 ln

m2
µ

m2
χ
); F5(x) = − x

2

1− x + ln x

(1− x)2

g3 =
−4 + 9x − 5x3 + 2(2x3 + 3x − 2) ln x

36(1 − x)4

h3 =
(x − 1)(10 + x(x − 17)) + 2(x3 + 6x − 4) ln x

36(1 − x)4

Kuno & Okada (1999); Chiang et al. (1993); Czarnecki & Marciano (1998)



µ− e conversion in nuclei (predictions)
Titanium
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The predictions of this model

are within the future sensitivity

of Project X and COMET.



Muon g − 2
aµ ≡ (g − 2)µ/2.

µ µ

γ

dk

ω2/3ω2/3

µ µdkdk

γ

ω2/3

µ µucj

χ1/3 χ1/3

γ

µ µ

χ1/3

ucjucj

γ

Since for ω2/3 mediating process there is cancellation, the dominant contribution
comes from χ1/3 mediating process. For |F2j | ∼ 1,

(∆aµ)
NP = 25× 10−11

(

400 GeV

Mχ

)2

aexpµ − aSMµ = 249(87) × 10−11

Aoyama, Hayakawa, Kinoshita, & Nio (2012)



Neutrino mass model with vectorlike quarks

Introducing LQ doublet and charge 2/3 iso-singlet vectorlike quark:

Ω ≡
(

ω2/3

ω−1/3

)

, Uc ,Uc

L = gijLid
c
j Ω+ hiLiUc Ω̃− fiQiU

cH + λ|ΩaHbǫab|2 + h.c.

L dc

Ω

L Uc Q

H

The ∆L = 2 operator is generated:

L
i
L
j
Q

k
d
c
H

l ǫijǫkl

This scenario can be embedded into MSSM + 10 + 10 of SU(5).

Moroi & Okada (1992); Babu, Gogoladze, & Kolda (2004); Babu et al. (2008)



The two-loop diagrams (in Rξ gauge):
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Neutrino Mass Matrix

Mν =















M11
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h1
h2

M22 +
1
2

h2
h1

M11
1
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h1
h3

M33 +
1
2

h3
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M11
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M33 +
1
2

h3
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1
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M33 +
1
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h2

M22 M33















Mii = hi

3
∑

k=1

gikFk ; Fk = m0

4
∑

α=1

V
∗
α4Vαk (Dd )k Iαk

Dd ≡ diag

(

md

mb

,
ms

mb

, 1

)

; m0 =
3

2

g2mb

(16π2)2

det Mν = 0
→ one of the neutrinos is massless

Both normal and inverted hierarchies can be accommodated here



Fitting
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Figure: The allowed value of h2
h3

in NH (left panel) and IH (right panel).

NH predicts BR (τ → eγ) ≃ 5× BR (µ → eγ).

The current upper limit, BR (µ → eγ)exp ≤ 2.4 × 10−12.

If BR (τ → eγ) is found to be near its current upper limit (10−8), the NH
scenario is ruled out.



µ → eγ
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Conclusions

In model with leptoquarks, the value of θ13 is predicted to be consistent
with the current measurements.

This model also predicts that the neutrino mass hierarchy to be normal.

Some muon processes such as µ− e conversion are predicted to be within
the forthcoming experiments sensitivity, while µ → eγ may be unobserved.
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The measurement of τ → eγ helps determining the type of neutrino mass
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